Abstract
Introduction

42
Organisms are often exposed to stressful environments. To cope, they 43 have evolved responses based on the duration of the stress. For example, 44 bacteria that are exposed to increased temperatures display a transient heat-45 shock response, which involves up-regulation of genes encoding heat stress-46 proteins (Richter et al. 2010 ), followed by a period of phenotypic acclimation 47 
Gunasekera et al. 2008). 53
One possible mechanism for adaptation to stressful conditions is genetic 54 change that produces novel traits or new physiological functions, such as 55 antibiotic resistance or the ability to use new metabolic pathways (Blount et al. 56 2012; Quandt et al. 2014 ). Another mechanism is genetic change that leads with 57 restoration of cellular functions to a pre-stressed state. Rather than creating new 58 functions, restorative mutations revert some aspect of the individuals' altered 59 physiological state back to an unstressed or "normal" state (Carroll and 2005), 57 (86%) were significantly up-regulated at 42ºC in our experiment 186
(supplementary table S2). 187
Overall patterns of GE suggest that the ancestor at 42ºC induced an early 188 stationary phase. To be sure that this GE profile did not result from sampling at 189 the wrong phase of the growth curve, we repeated the experiment. We again 190 sampled three replicates at mid-exponential, repeated RNA sampling, and 191 transcriptome analyses. The results were qualitatively similar between 192 experiments, implying both that the ancestor at 42°C cannot unleash full growth 193
and that the population expands at a low rate in this stressed physiological state. 194
First-step adaptive mutations changed GE at 42ºC dramatically. 195
Given insights into the acclimation response at 42ºC, we then investigated 196 the effect of three potential first-step mutations -rpoB I572F, I572L and I572N -197 on cell growth and GE. Previous estimates of relative fitness indicated that these 198 mutations are advantageous at 42ºC (Rodríguez-Verdugo et al. 2013). We 199 12 rpoB mutations in codon 572 restored GE back toward the ancestral state. 244
To investigate the general trend in GE changes from the ancestor to 245 acclimation and then from acclimation to first-step mutations ( fig. 1 ), we used two 246 approaches. The first was Principal Component Analysis (PCA), which 247 simultaneously considered the expression of all genes and all clones. The 248 resultant plot of the first and second components exhibited differences among 249 clones and also clearly indicated that the clones with first-step mutations shifted 250 their gene expression profiles toward the 37ºC ancestor (supplementary fig. S2 ). 251
Our second approach was to plot the log 2 fold expression change during 252 the acclimation response (ancestor grown at 42ºC vs ancestor grown at 37ºC, x-253 axis) against the log 2 fold GE change during the adaptive response (mutant 254 grown at 42ºC vs ancestor grown at 42ºC, y-axis; fig. 4 ). If there were no 255 relationship between shifts in GE during acclimation and during the adaptive 256 response, we expected a regression slope of zero; alternatively, if all the genes 257 of a mutant were restored by an adaptive mutation -such that the expression of 258 each genes changed from a stressed state back to a pre-stressed state -the 259 slope of the fitted regression would approach -1.0. For the three mutants we 260 observed a highly significant negative correlation, with slopes of -0.738 for I572F, 261 -0.639 for I572L and -0.731 for I572N ( fig. 4A-C Following this categorization, we observed that most (63%) of the genes 282 that were differentially expressed during acclimation were restored by mutant 283 I572F (blue dots in fig. 4A ; table 2), as expected from the strong overall negative 284 correlation in figure 4A . The same was true for mutant I572N, for which most 285 (67%) genes were restored (table 2) . For mutant I572L, we found most genes to 286 be unrestored (68%), but a substantial proportion of genes (32%) had restored 287 expression (table 2) . In contrast to restoration, only a small proportion (~3% or 288 14 less) of characterized genes exhibited novel expression in the rpoB mutants 289 (table 2) 
2014). 302
We obtained RNAseq data from two replicates of this mutant at 42ºC and 303 performed the same GE analyses. We observed a global pattern of GE change 304 similar to that for the I572F, I572L and I572N mutants. That is, the I966S 305 mutation tended to restore GE from the acclimated state toward the pre-stressed 306 state ( fig. 4D) . 307
To explore the convergent effects of the I966S, I572F, I572L and I572N 308 mutations further, we determined the number of genes with restored GE shared 309 among the four mutants. A third of the restored genes were shared between the 310 four mutants, and 86% of the genes were share by at least two mutants ( fig. 5 ),
15
indicating a high level of expression convergence. This high level of phenotypic 312 convergence was also highlighted by the pairwise comparisons of differential 313 expression between the mutants (supplementary fig. S3 ). We performed an 314 enrichment analysis of GO assignments for the 490 restored genes that were 315 shared among the four mutants. Not surprisingly, given the overall pattern of 316 restoration ( fig. 4) , the restored genes represented the same sets of genes that 317 were enriched for the acclimation response. For example, significantly down-318 regulated genes during the acclimation response, such as the genes involved in 319 translation (rpl, rpm and rps genes), were significantly up-regulated in the four 320 mutants. This suggests that the different RNAP mutants restored GE towards a 321 growth pattern. 322
We also determined how many genes of novel GE were shared between 323 the four single mutants: I572F, I572L, I572N and I966S. Only 2% of the genes 324 with novel GE were shared between the four mutants, and 33% of the genes 325
were share by at least two mutants (supplementary fig. S4 ), indicating lower 326 expression convergence for genes with novel GE than for restored genes. 327
In conclusion, the phenotypic convergence observed between the mutants 328 I572F, I572L, I572N and I966S suggests: i) restoration of the altered 329 physiological state back toward a pre-stressed state, ii) that much of that 330 restoration was achieved by single, highly pleiotropic mutations and iii) similar 331 effects result from different amino acid mutations at the same site (codon 572 for 332 mutants I572F, I572L and I572N) or at a different site (codon 966 for mutant 333
I966S). 334
Mutations fixed during adaptation contributed few changes in GE. 335
Following the temporal schematic of this study ( fig. 1 ), our last step was to 336 contrast the GE phenotype of one first-step mutation (I572L) to end-products of 
2012). 348
We again characterized the clones' growth curves at 42ºC and compared 349 them to both the ancestor grown at 37ºC, the ancestor grown at 42ºC and the 350 mutant I572L grown at 42ºC (table 3, fig. 6A and supplementary fig. S5 ). The 351 high-temperature adapted clones 27 and 97 both had significantly shorter lag 352 phases compared to I572L mutant. In addition, clone 27 had a significantly higher 353 final yield than I572L mutant (table 3) . It thus appears that the mutations 354 accumulated after the first-step mutations contribute to better growth at 42ºC. We 355 note, however, that none of the adapted clones grow as well as the ancestor at 356 37ºC, which had a significantly shorter lag phase and a higher final yield (table 3  357 and fig. 6A ). 358
Knowing that the evolved clones grew more quickly and to higher yields 359 than the single mutant I572L at 42ºC, we sought to identify GE changes that 360 could explain their improved growth. We obtained RNA-seq data from each high-361 temperature adapted clone (two replicates per clone) grown at 42ºC. We then 362 contrasted the GE from each clone against the GE of the first-step mutation 363 I572L at 42ºC. To our surprise, we observed very few genes that were 364 These observations suggest that the mutations accumulated in later steps 371 of thermal stress adaptation did not substantially change the expression profile 372 caused by the first-step mutation; that is, most detectable GE shifts were caused 373 by the I572L mutation and were associated to the restoration of the growth 374 profile. To emphasize this point, we plotted the log 2 fold expression change during 375 Finally, when we contrasted the GE from the two high-temperature adapted 383 clones at 42ºC (clone 97 vs clone 27), there were only 15 differentially expressed 384 genes (q <0.001; supplementary fig. S7C and fig. S3 ), beyond the 52 genes that 385 were part of the two large deletions in clone 27 and did not have any 386 measureable GE. Therefore the GE profiles for the two high-temperature 387 adapted clones were nearly identical within the limitations of our experiment, 388 despite their differences in genetic background. These observations confirm that 389 the first step mutation I572L contributed to most of the changes in GE during 390 high-temperature adaptation. 391
Discussion
392
Two aspects of adaptation that have been largely unexplored are the 393 temporal change of phenotypes during the adaptive process and the genetic 394 changes underlying these changes. Here we have focused on the phenotypic 395 effects of first-step mutations during adaptation of E.coli to high temperature 396 (42ºC). A significant finding of our study is that single mutations in RNAP led to 397 altered expression of thousands of genes -most of which were differentially 398 expressed during acclimation to 42ºC -and conferred large fitness advantages. 399
A major phenotypic effect of these first-step mutations was to restore global gene 400 expression back towards the pre-stressed state. The GE profile of the ancestor at 401 42ºC revealed that the cells were physiologically stressed, but the first-step 402 mutations restored GE toward an efficient growth profile. Subsequent mutations 403 also increased fitness but did not substantially change GE. 404
Heat-stress acclimation involves a balance between energy conservation 405 and stress resistance. 406
The acute response to thermal stress, known as the heat-shock response, 407 occurs in diverse organisms (Richter et al. 2010) . In E.coli, the heat-shock 
Restoration of the ancestral physiological state is advantageous. 504
This study has shown that first-step mutations dramatically altered GE from 505 the acclimated state and acted primarily to restore GE toward the pre-stressed 506 state ( fig. 3) . Previous studies have also reported that small deletions in RNAP 507 change GE of hundreds of genes (Conrad et 
Verdugo et al. 2014)). 525
Second, the general trend of restoration occurred in parallel in all four rpoB 526 mutants (I572F, I572L, I572N and I966S) ; such phenotypic convergence is 527 commonly interpreted as sign of adaptive evolution (Christin et al. 2010) . Not 528 only did we observe convergence in global GE ( fig. 4 ), but we also observed 529 substantial overlap of genes with restored expression (fig. 5) . Surprisingly, these 530 observations extend not only to three different mutations in the rpoB codon (572) 531 but also to a mutation (I966S) that is not in the RNAP active site ( fig. 4D and fig.  532 5). It is unclear whether the effects of these RNAP mutants are direct or indirect. 533 It is worth noting that restoration to the non-stress phenotype is not complete, 543 because first-step mutations differ markedly from the 37ºC ancestor in GE 544 dynamics. For example, each of the four rpoB mutations differ from the ancestor 545 in the expression of a minimum of 392 genes (I572L) and as many as 688 genes 546 (I572N). The important point is that first-step mutations restore hundreds of 547 genes toward non-stress expression dynamics but substantial differences remain 548 relative to the wild type phenotype. These differences may explain, in part, 549 differences in growth characteristics between first-step mutations and the 550 ancestor at 37ºC (supplementary fig. S9 ). 551
In contrast to restorative changes in GE, we find that few novel changes in 552 GE occurred in parallel among the four rpoB mutants (supplementary fig. S4 ). 553
These observations add to a growing literature that suggests restorative changes 554 in GE are a general trend in laboratory adaptation experiments, but novel (and/or 555 
Pleiotropy and compensation 558
The four rpoB mutations (I572F, I572L, I572N and I966S) were 559 advantageous in the conditions of our experiment, but they also had pleiotropic 560 effects, such as fitness trade-offs at low temperatures (Rodríguez-Verdugo et al. To contrast first-step mutations to the end-products of our adaptation 566 experiment ( fig. 1) , we compared the I572L rpoB mutation to two clones (97 and 567 27) that included the I572L mutation. Each of the two clones differed from the 568 single-mutant background by ~10 mutations; these mutations included both point 569 mutations and more complex genetic changes, such as a large deletion. Based 570 on these contrasts, we have found that the first-step mutation I572L contributed 571 most of the GE variation during thermal stress adaptation (987 differentially 572 expressed genes), while later mutations contributed fewer changes in GE (63 573 and 16 differentially expressed genes in clones 27 and 97, respectively; fig. 6  574   and supplementary fig. S5 ). Interestingly, these few changes in GE may 575 contribute to significant changes in growth parameters (table 3) . Therefore, the 576 number of differentially expressed genes was not proportional to fitness gains. 577
This "disconnect" between the number of genes differentially expressed 578 and the magnitude of the fitness advantage might be caused by compensatory 579 changes to the pleiotropic side effects of mutation I572L. Under this model, we 580 presume that some of the hundred of differentially expressed genes in I572L 581 have beneficial effects, while others have deleterious effects, netting an overall 582 beneficial change in GE. If true, it is likely that subsequent mutations change the 583 expression of only few genes, but most of these changes are beneficial. Clone 97, which lacked the large deletions of clone 27, displayed fewer 593 changes in gene expression than clone 27. In this clone, one of the significantly 594 down-regulated genes (q < 0.001) was the rmf gene, which encodes the 595 ribosome modulation factor (RMF). RMF has been associated with decreased 596 translation activity and is expressed during slow growth conditions, such as 597 stationary phase (Polikanov et al. 2012 ). Therefore, the down-regulation of rmf, 598 occurring in parallel in clone 27 and 97, might increase protein synthesis and 599 thus growth. 600
Finally, we observed that the genes involved in flagellum-dependent cell 601 motility (e.g. flg genes) were highly down-regulated during the acclimation 602 response (log 2 fold < -3 and q < 0.001) but were again up-regulated in the single 603 mutants I572F and I572L (q < 0.001; supplementary dataset S1). In the 604 conditions of our evolution experiment ⎯ a well-mixed environment lacking 605 physical structure ⎯ motility seems unnecessary. Given that the biosynthesis of 606 flagella is costly (Soutourina and Bertin 2003) , reducing the expression flg genes 607 might be beneficial (Cooper et al. 2003; Fong et al. 2005 ). We therefore posit that 608 the restoration in GE of flg genes might be costly and have deleterious effects. 609
Interestingly, some of the flg genes were down-regulated (q < 0.05) in clone 97 610 when compared to the first-step mutant I572L (supplementary table S6) . 611 Therefore, later adaptive mutations might contribute to the fine-tuning of GE by 612 compensating the side effects of restoration. We note, however, that we have not 613 yet identified the mutation that causes the down-regulation of flg genes in clone 614 97. That being said, the up-regulation of flagellar genes after restorative shifts in 615 GE and the fixation of subsequent mutations that down-regulate them has been 616 observed previously (Sandberg et al. 2014) . 617
Concluding remarks 618
Mutations in global regulators of GE are observed recurrently in laboratory 619 adaptive walk or later step, but at least in the case of rpoB and rpoC mutations, it 622 seems they are often first-step mutations (Herring et al. 2006) . Therefore, the 623 pattern that we have observed in our study may not be specific to our system but 624 instead a more general phenomenon. Based on our results, we propose a 625 general, two-step adaptive process. First, a mutation affecting global 626 transcriptional regulator appears in the population and changes global GE. This 627 expression change is mostly restorative, so that the stressed state moves toward 628 a pre-stressed (ancestral) state. These changes in GE confer a high advantage, 629
promoting the rapid fixation of the mutation in the population. Once the cell 630 recovers its "normal" homeostatic state, other mutations accumulate and 631 plotting two ratios that share an underlying parameter ( fig. 4 and supplementary  700   fig. S6 ), which creates an inherent negative bias for correlation values. We 701 therefore tested the strength of correlation by randomization; we choice the three 702 independent parameters at random from the dataset, constructed ratios for the 703 observed number of genes, estimated a correlation coefficient, and repeated the 704 process 1000 times to achieve a distribution of correlation values that reflect the 705 inherent bias. 706
Construction of the fluorescently labeled strains for the transcription 707 efficiency assay 708
We generated a ~4 kb-long linear DNA fragment carrying the CAT, tetR Briefly, the ancestral strain carrying the pKD46 plasmid was grown overnight at 717 30ºC in 5 ml of LB with 100 µg/ml of ampicillin. The overnight culture was 100 718 fold-diluted in 100 ml of LB with ampicillin and 1 mM L-arabinose (Sigma) and 719 grown at 30ºC to an OD 600 of 0.6. Electrocompetent cells were made by washing 720 the culture 5 times with ice-cold water. ~200 ng of linear DNA was electroporated 721 into 25 µl of cells. After electroporation, 1 ml of LB was added, and the cells were 722 incubated at 30ºC for 2 h with shaking, then plated 100 µl on LB agar plates with 723 chloramphenicol (20 µg/ml). We selected a single colony and purified it in LB 724 agar plate containing chloramphenicol. Correct integration was verified by PCR 725 using primers ARV34 and ARV35 (supplementary table S8) . 726
Transcription efficiency assay 727
To measure the transcription efficiency of the ancestor and the mutants 728
we performed a quantitative reverse transcriptase RT-PCR assay (Reynolds 729 2000; Brandis et al. 2012 ). In brief, we grew the fluorescently labeled strains in 730 the same culture conditions previously described except that we supplemented 731 the DM medium with 100 µg/ml glucose (DM100). We confirmed the advantage 732 of these mutations to high temperature despite the higher amount of glucose 733 based on growth curves of the ancestor and the mutants at 42ºC in DM100. 734 Acclimated cultures were grown at 42.2ºC until they reached mid-exponential 735 phase. We took 1 ml of uninduced cells (sample T 0 ) and stabilized them in 736 RNAprotect Bacteria Reagent (Qiagen). Immediately after, we induced cells by 737 adding 10µl of anhydotetracycline (66 µg/ml) to the medium. Samples of 1 ml of 738 culture were taken at 1, 2, 3 and 4 min after induction (samples T 1 , T 2 , T 3 and T 4 ) 739 and stabilized with RNA protect Bacteria Reagent and pelleted for storage at -740 80ºC prior to RNA extraction. Total RNA was prepared using RNeasy Mini Kit 741 (Qiagen). RNA was DNase treated using Turbo DNA-free kit (Ambion). We used 742 300 ng of DNA-free RNA to produce cDNA with the High Capacity cDNA To control for the intra-assay variation (repeatability), we prepared three 753
replicates of each reaction. The PCR thermal cycling conditions were 95ºC for 20 754 sec followed by 40 cycles of 95ºC for 3 sec and 60ºC for 30 sec. 755
The efficiency of the amplifications for each pair of primers was determined 756 from a standard curve using the formula E = 10 Table 1 . Growth parameters of the first-step mutants and the ancestor. 
1009
4 Significance value from a two-sample t-test. The null hypothesis is that the means are equal.
